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ABSTRACT

Radiation-induced changes in the magnetisation of sintered Nd-Fa-B perm*-

nent ●agneto -e known to vary widely among specimen= produced by differant

manufacturer. Samples of Nd-Fe-B MAGNEQUENCBmagnets, which we ❑ade from

melt-spun ribbons, have nom been mtudied aad show a much reduced ●ensitiviiy

to neutron irradiation than do sintered Nd-Fe-B megneto. All melt-spun

ribbon-baeed MAGNBQUENCSmegnets, i.e., epoxy-bonded, hot-pressed, and die-

upset magnets, show essentimll~ the ●ame ●low decrease in magnetic remanence

with neutron dose. Measurements of the open-circuit remmnence Br/Bro at

~wious times during the irradiation show s deca~

irredimted value for the HAGNBQUENCBmagnets alter 1

dose of 1.4x1016 neutrons/cm2, compared to m 4.6%

of only 1.6% of the pre-

hour of irradiation, or ●

&op in rmanence for the

best sintered Nd-Fe-B magnet (Sumitomo 30H) with the came irradiation dose.

Moreover, titer 5.3 hours of irradiation, the remanence drops by only 3% for

the HAGNEQJBIWB●agnets. Magneta made from melt-spun ribbons are thw the

lout sonnitive to neutron irrsdimtion -O fm maasurodfor Nd-Fe-B permanent

mqpets, but aro somewhmt more mensitivo than mamarium-cobalt magnetm.



INTRODUCTION

Pammnent magnets in high rdiation environment me known to ●how changes

in magnetic properties, particul-ly in the megaetic remaaence. 1-9 Sintered

Sin-Co m8teri81a, for exemple, suffer m 2% loss of remanonce with a radistion

dose ofl.lx1018 neutrons/-2 (n/cm2)3 Sintered Nd-Fe-B mgnets, onthe

other hand, experienced s 65% 10SO of remmnence miter irradiation With 500-MeV

2.6 Further studies of sintered Nd-protcm *t ● dome of only 1014 protons/en

Fe-B megneta wing resctor neutrons aho~ed ●ignificeatly different rates of

decmy of mmgnetic remanence with neutron dose for different specimene made by

different mwdacturorm. 7-9 (It should be noted that the flux reported in

Bef. 7 is tmo high by ● futor of five, but it is corract in Befs, 8 ~d 9.)

Thim i.mpliea that the senaitivit~ to neutron irradintionof aNd-Fe-B mag~et

depends on the detmilm of its ●icrostructure mnd on the coercirity resulting

from that microstructure. The rmte of docw of megnetic remeaence for B par-

ticular specimen ●lso weriea with the temperature -t -hich the irradiation

occurs, mlthough the temperature by itmel,f ia not high ●nough to thermmlly

demagnetise the ●pecimen.
7,0 The ●egnet~sstion ie ●ntirely recwersble upon

subsequent remegnatjsstion, 7’8 implying that no significant demege to the

bmsic mmgnetic phue occurs during irrmfistion at domenup to 6. 1X1016 n/cm2.

The coercivity, howerer, increeaen by ~ alter irredimtion ●t this dose”a

indicating defectm me introduced by th~ irradiation that mot u ~netic

domainwmll pinning site-. Finally, it WDa found thmt the rate of decay de-

pends on SUP1O geoaetry,e s~esting a connection between nwtron-induced

de~notisstien and the geoaetv-dependent demmgnetising field present in the

semplem. In this report the results of ● neutron irrmdimtior study of Nd-Fe-B

megnots produced from ■olt--pun ribbono fmbricmtod St General Motors we
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presented md compared to those obtsined on mintered Nd-Fe-B magnets.

cut

C8.

EXPERIMENTAL DETAILS

S,uplea of epoxy-bonded, hot-pressed, and die-upset Nd-Fe-B magneto were

into rectanguhr parallelepipeds with dimensions approximately lxO.2X0.2

The bonded mnd hot-pressed samples were obtained from the MAGNEQUENCH

plant = production grade materials, md the die-upuet ●aple waa fabricated

at the CMResearch Lr,bs. Each sample w plsced in ● polyethylene capsule

~hicb w fixed to the end of B chrcmel-alumel thermocouple. The m-pie could

then be lowered into aluainu= rabbit tubes st the rmctor by the thermocouple.

In preview experiments on sintered Nd-Fe-B~ets, reference s-pies of the

same sise and mhape were ml-o ●ttmched to thermocouples and subjected to the

7,8
●-e thermal ●nvironment but not irradiated. Thim was done to determine

my chsnges in magnetic rewenca due to thermal cycling of the swplea up to

126*C, nnd qwh changes wre always found to be negligible.7’8 In this ●tudy

the tampersture of the sample~ was typically 80”C during irrsdimtion. No refe-

rence sample w therefore used, mnd we msmme *11 changes in rsmnen=e -e

due to the irrmdimtion.

Irradiation of the ●uples - carriad out ●t the Onegs West Reactor, k

Aluos Nstionml Ldorstory. The fut aeutro~. flux was ●bout 4X1012 n/cm2s.

Therml neutrons were filtered out of the irradiating benm by cedaium ●hial-

ding 00 thmt tho ●nergy spectrum wu typical for ramctor meutrons, but with

●nergies less ~haa 5 ●V gremtly ●ttenumted. This was nocemmry with Nd-Fe-B

1% -hich cmn pro-becsuse of the (n,u) reaction botwan therd neutrons mnd

duce ●xtensi~e damage not prduced for by fnst noutronn. Tho rsbbit facility

mllowod the ●mple- to b. re=~ed at selected timem during the irradiation for

● meuuroment of the open-circuit rmanence nt rwm temperature mnd then rein-
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serted for further irradi&tion. Measurements were made by moving the ●aple

through s 6oo-turn coil. The voltsge produced ~ the magnet moved through the

coil was sampled by ● Keithley Model 194 high-mpeed digitml ~oltmeter ●t a

rste of lkh. These voltage-versus-time readings were numerically integrated

to giwe ● quantity proportional to the open-circuit remanence. Bach value of

the remanence reported is an average of five or more separate ●easurements,

and the standard deviation of these ●easurements w typically less than 2% of

the remanence.

RESULTS AND

Figure 1 shows the tine (dome) dependence

irradiated HAGNEQUENC3(HQ) magnets made from

DISCUSSION

of the open-circuit remanence of

melt-spun ribbons. The behavior

is essentially the same for epoxy-bonded, hot-pressed, mnd die-upset MQmag-

nets, wit,hin the ●catter of the dsta. The neutron dose is the flux, 4X1012

n/cm2s, timw the irradiation time. The decay of the reaanence for the MQ

-nets is only 3% ●t S.3 hours Corresponding to ● neutron dose of 7.6x1016

n/cm2. The best sintered magnet, s Sumitomo30H, however, lost 4.6% of rema-

mence after only 63 minutes, 9 corresponding to a dose of 1.5x1O 16 n/cm2 .

Thus, the best bintered mmgnets exhibit s much faster decay of the romanence

thm do MQmagnets. Theso results were ualysed for both types of magnets for

times up to 63 ●inutes by fitting the datm versus (time) 1/2 aad versus

(time) 1/4 to straight lines. Tho remanence for M@magnets de~ys with time as

(time) 1/4 whereas the dmta for ●intered mgnets seem to vuy with time as

(time) 1/2. These fits -e shown by the solid lines in Figure 1. The scatter

of tho data for the MQmagnets for times longer than 63 miwtos mahes it dif-

ficult to say -hether the (time)l’4 behavior is maintmiaed, but the data are

St lout consistent with such ● time dependence.
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The decay of magnetic remanence during neutron irradiation is presumably

caused by ● combination of nucleation of reverse magnetic domains and depin-

ning of domain walls, leading to domain wall motion and demagnetization. The

■echanism by which this occurs is either inelastic collisions with the atoms,

cmsing local disruption of the crystal structure ~d its magnetic a.nimtropy,

or by s magnetic interaction of the neutron’s magnetic moment with the magne-

ti~ation of the material. The former mechanism would be expected to create

additional pinning sites, which is seen as increased coercivity in uintered

Nd-Fe-B magnets ●t rery high doses.
7,8

Further ckracterisation of the irra-

diated magnets is planned in order to directly investigate the effects of

neutron irradiation damage on the microstructure. The lstter mechmnism could

be either ● magnetic excitation in the magnetinstion of s grain, thereby

nucleating s reverse domain, or mm excitation at m magnetic domain wall pin-

ning ●ite causing depimning of the domain wall, which is then free to move.

TL’ significantly higher resistance to demagzetisation by neutron irradia-

tion of MQ compared to sintered Nd-Fe-B magnets is likely ta be associated

with the ●icrostructure, rend,in particular, how the ●icrostructure gires rise

to coercivity in e=h of these two cl~ses of permanent magnets. From micro-

10’11 both sintered mnd melt-mpun Nd-Fe-B magnetsstructural chrscterisation,

contain Nd#e14B as the ~eticslly =tivc phue . The crystal grain cise in

the sintered magnets im typicslly very

spun MQ ●mgnets. As ● consequence,

raliem on the difficulty of nucleating

much iwger than for sny of the melt-

the coerci~ity of the ●intered magnets

reverse domains in the relatively large

graino mnd o~ the pinning of domain walls mt Nd-rich grain bou.nduiem.12 h

MQ ●~nets, on the other hand, the nucleation of reverme dommins is easier

because of the small grains (large demagnetizing fields) mnd the coercivity

uises from the strong pinning of domain walls st the lmrger volume fraction
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of gr~in boundaries. 10 If the nucleation of reverse domaino and depinning of

domain walls ue the dominant effects of neutron irradiation, the resulting

change in the magnetization of a sintered Nd-Fe-B magnet would be luger than

for s MQ magnet. This is because the domain walls can ●OVO further in sin-

tered Nd-Fe-B magnets and thereby reverse more of the magnetization for each

nurlestien or depinning event compared to MQ magnets where the domain walls

would quickly become pinned again. It may ●lso be true that the strength of

domain wall pinning is important, and that the probability of a neutron caus-

ing ● depinning event is much 10SU in MQ magnets than in sintered ❑agnets

because of the nature of the grain boundary phases and microstructure.

ACKNOWLEDGEMENTS

One of the ●uthore [CPM) is grateful to R. K. Mishra and F. E. Pinkerton

fw useful discussions, The work at (XR has benefitted from the encouragement

and eupportof J. F. Eerbst.

6



REFERENCES

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

E. S. Sery, D. I. Gordon, ~$O~D E. Lundsten, ‘Nucle= B~istion Effects
in Permanent Magnets,’ Report 6276 (U.S. Naval Ordnance
Laboratory, White Oak, Silver Spring, MD) April 1959.

St. s. Sery, R. H. Lundsten, mnd D. 1. Cordon, ‘Radiation Damage
Thresholds for Permanent Magnets,m NOLTB 61-45 (U.S. Naval Ordnance
Laboratory, WMte Oak, Silver Spring, MD) June 1961.

R. D. Brown, E. D. Bush Jr., and w. T. Hunter, ‘Badiation Effects on
Samarium-Cobalt Permanent Magnets,’ LA-9437-MS, July 1982.

F. Coninckx, W. Nsegele, M. Reinhs.m, E. Shoenbacher, and P. Seraphin,
‘Radiation Effects on Rare Earth Cobalt Permanent Magnets,’ CERN/SPS,
TIS-EP/IR/83-07, February 1983.

E. Spitser mnd A. Weller, o Mmgnetisierungsverlust von Samarium-Kobalt
Permanentmagneten in hohen Neutronenfeldern,s SNQ 1 N/BH 22 05 84, May
1984.

E. W. Blsckmore, -Badiation Effects of Protons on Samwium-Cobalt
Perm8nent Magnets, ‘ IEEE Transactions on NUC1OU Science, NS-32, 3669-
3671, Octaber 1985.

J. R. Cost, R. D. Brown, A. L. Giorgi, and J. T. Stanley, Mater. Bes.
Sot. Symp. Proc., 96, (1987) 321.

J. R.-&st, R. D. Brown, A. L. Giorgi, and J. T. Stanley, IEEE Trans.
Magnetiw, Dec. (1986), (in press).

E. D. Brown sad J.E. Cost, J. Appl. Phys., (1987), (in press).

R. K. Mishrm, J. Magn. Magn. Mater. 54-47, (1986) 450.

B. K. Mimh-a, Mater. Bes. Sot. Symp. Proc. 90, (1987) 83.

E. Adler and P. Hart-an, 4th Intern. Symp. on Magnetic Amimotropy and
Coercirity in Rue Earth-Transition Metsl Alloys, ●d. K. Strnst, Univ.
Dalton Press, (1985) p. 747-760.



1

0.90

0.00

0.s7

0.06

0#8

(a)

e
m

*

# I I # I 1 1 w I 1 1

0 0.2 0.4 0.6 0.2 1 12

mkllloneno(tlam)

(b)

o

0

1 1 1
0 2 4 ●

~h~)

Domy of opon-circuit romanenco is ●hewn for ●poxy-bonded
(+], bot-prossod (x), snd die-upset (nquares) MAGNEQuENCH
~nets, and for a Suaitomo .30B sinterod (disaonds) Nd-Fe-B
mqplet. The data ue plotted u nomalisod romanence
~srsus irradiation time (dose) up to 63 ●inute- (s) ~d Up

to 6.3 hours (b). The solid linec roprosont fits to the
d8ts for irradiation time up to 63 ●inutes (s0. text),


